Phthalates are known reproductive and developmental toxicants in experimental animals. However, in humans, there are few data on the exposure of pregnant women that can be used to assess the potential developmental exposure experienced by the fetus. We measured several phthalate metabolites in maternal urine, maternal serum, and cord serum samples collected at the time of delivery from 150 pregnant women from central New Jersey. The urinary concentrations of most metabolites were comparable to or less than among the U.S. general population, except for mono(2-ethylhexyl) phthalate (MEHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP), and mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), three metabolites of di(2-ethylhexyl) phthalate (DEHP). The median urinary concentrations of MEHHP (109 µg/l) and MEOHP (95.1 µg/l) were more than 5 times their population-based concentrations, whereas the median urinary concentration of MEHP was more than 20 times higher. High concentration of MEHP may indicate 565 X. Yan et al.
INTRODUCTION
Chemical contamination of the environment is a pervasive, insidious side effect of human population growth and technological development. A wide range of species, ranging from crustaceans, fish, and birds to mammals, have been reported as being affected by chemicals that interfere with the normal functioning of the endocrine systems, which consequently results in adverse effects on reproduction, growth, and development (Crisp et al. 1998) . Defined as endocrine disruptors (EDs) by the U.S. Environmental Protection Agency (USEPA), EDs can be naturally occurring (e .g., soy isoflavones, whole grain lignans, microbial products, wood components) or anthropogenic chemicals, such as pesticides and phthalates.
Phthalates, one class of potential EDs, are diesters of 1, 2-benzenedicarboxylic acid (phthalic acid) produced by reaction of phthalic acid with a specific alcohol to form the desired ester with the side chain(s) of interest. They are high production volume chemicals (>1 million tons produced or imported into the United States per year) and are used in many consumer products, including personal care products (e .g., perfumes, lotions, cosmetics), paints, industrial plastics, and pharmaceuticals. Their primary functions in these products are to hold color or fragrance, to provide a film or gloss, to make certain plastics more flexible, or provide timed release for some pharmaceuticals (ATSDR 1995 (ATSDR , 1997 (ATSDR , 2001 (ATSDR , 2002 . A large market for several phthalates is as plasticizers for polyvinyl chloride (PVC), and certain types of elastomers. Given their use in a vast range of consumable products and because they are not covalently bound to the other chemicals in the formulations, the potential for human exposure to phthalates is high.
Phthalates can enter the human body by several routes, including ingestion through diet, absorption through skin, and inhalation of indoor and outdoor air. For several phthalates, the principal route of exposure is assumed to be the ingestion of contaminated food products (CERHR 2000 (CERHR , 2005 . Phthalates can be absorbed from the intestinal tract, the intraperitoneal cavity, and the lung. Dermal absorption
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is lower with the high molecular weight phthalates (e .g., di(2-ethylhexyl) phthalate (DEHP)) than with the low molecular weight phthalates, such as diethyl phthalate (DEP) and di(n-butyl) phthalate (DBP) (ATSDR 1995 (ATSDR , 2001 (ATSDR , 2002 . Metabolism of most phthalates in humans occurs by an initial phase I biotransformation in which the diesters primarily metabolize into their hydrolytic monoesters. The monoesters of high molecular weight phthalates (e .g., DEHP) may be further metabolized to produce more hydrophilic oxidative products (Albro and Moore 1974; Albro et al. 1973; ATSDR 1997; Barr et al. 2003) . Monoesters and the oxidative metabolites of phthalates can be excreted in urine and feces in their free form or as glucuronide conjugates with increased water solubility and increased urinary excretion (ATSDR 1995 (ATSDR , 2002 .
Phthalates have been reported as developmental and reproductive toxicants in experimental animals. Developmental anomalies were seen in rodents dosed during gestation and/or lactation with DBP (Mylchreest et al. 1999 (Mylchreest et al. , 2000 , DEHP (Gray et al. 2000; Koch et al. 2006) , butylbenzyl phthalate (BBzP) (Ema et al. 1998 (Ema et al. , 2003 Ema and Miyawaki 2002) , and diisononyl phthalate (Gray et al. 2000) . The commonly observed anomalies at experimentally high doses included reductions in androgendependent tissue weights (e .g., seminal vesicles, epididymis, and prostate), increased incidence of hypospadias, cryptorchidism, decreased anogenital distance (AGD), delayed preputial separation (pubertal milestone), retention of thoracic nipples, and testicular lesions (e .g., seminiferous tubule atrophy and Leydig cell hyperplasia) (Agarwal et al. 1985; Ema et al. 2003; Foster et al. 2002; Gray et al. 2000; Mylchreest et al. 1998 Mylchreest et al. , 2000 . Phthalates and their metabolites act functionally as antiandrogens during the prenatal period by interference of normal androgenic signaling, rather than interaction with the androgen receptors (Hotchkiss et al. 2004; Mylchreest et al. 1998; Parks et al. 2000) .
There is currently limited or inadequate human data on the relationships between exposure to phthalates and human health effects. In a recent multicenter epidemiologic study, prenatal exposure to monoethyl phthalate (MEP), monobutyl phthalate (MBP), monobenzyl phthalate (MBzP), and monoisobutyl phthalate (MiBP) was associated with shortened AGD in human male infants (Swan et al. 2005) . There was some evidence of associations between environmental exposure to MBP and MBzP and altered semen quality (Duty et al. 2003a (Duty et al. ,b, 2004 , MEP and sperm DNA damage (Duty et al. 2003a,b) , and MBP and MBzP and reproductive hormones (Duty et al. 2005a,b ). An Italian study revealed that newborns who had positive MEHP in the cord blood (n = 65) had a younger gestational age than MEHP negative newborns (n = 19) (p = 0.033) (Latini et al. 2003) .
Just because people have an environmental chemical in their blood or urine does not mean the chemical causes disease. The toxicity of a chemical is related to its dose, time of exposure, dose frequency and duration, and an individual's susceptibility. The common limitations of the published studies include small human populations, low epidemiologic sensitivity and selectivity, potential preanalytic and analytic contamination, and lack of adequate exposure assessment measurements (either environmental or biological measures). Our study was undertaken to characterize the distribution of pesticides and other EDs in various matrices collected from pregnant women, to identify the predictive biomarkers of exposure, and to assess the exposure and risk levels in this vulnerable population. 
METHODS
Our study was a prospective observational study of EDs in the maternal and fetal compartments. We recruited 150 mothers (Table 1) and their children born at a major central New Jersey teaching hospital, St. Peter's University Hospital in New Brunswick, which averages from 12 to 30 births per day. It is centrally located and serves both urban and suburban populations in a large portion of the state. All subjects provided informed consent prior to participation in the study, which was approved by the Institutional Review Board (IRB) at Rutgers University and the Centers for Disease Control and Prevention (CDC). A detailed medical history, information on household product use, occupation, hobbies, diet, demographic variables, ethnicity, and medical examination were collected as part of the study.
Eligible healthy subjects included women with singleton pregnancies scheduled for an elective cesarean birth at term (≥37 weeks) who had blood hemoglobin concentration ≥8 mg/dl. Women were excluded if they took medications that could interfere with the metabolism and/or measurement of environmental chemicals, if they had pregnancy-related complications, or if there was evidence of labor or rupture of membranes at the time of operative delivery. Standard sample collection protocols were followed to collect all biological samples. All women were put on intravenous (IV) injection for glucose, water, and electrolytes balance support after arrival to the hospital. Maternal blood samples (10 ml) were obtained on the day of surgery. The maternal urine specimens were collected before delivery, but after the Foley tube and the IV injection was placed. After the fetus was delivered, the umbilical cord was clamped, and 30-60 ml of cord blood was aspirated directly from the umbilical vein. All umbilical vein samples were obtained within 15 minutes of delivery. Standard procedures were followed to isolate serum from the whole blood samples in the hospital. Finally, maternal pregnancy characteristics and neonatal outcome data were also recorded.
Prior to initiation of the study, representative samples of all equipment used for either collection or storage of samples were examined by the CDC laboratory to verify the absence of the phthalate metabolites measured for this study. Ten percent of all samples collected were quality assurance samples. No preservatives were added prior to sampling of the urine, but phosphoric acid was added to maternal and cord serum samples to quench the esterase activity (Kato et al. 2004) . Then all samples were stored at −70 • C until transferred to CDC for analysis. Specimens were sent overnight express packed in dry ice to avoid the potential freeze thaw effects. They were maintained at −70 • C until analyzed.
Phthalate metabolites were measured in maternal urine, maternal serum, and cord serum at CDC. The analytical methods involved the enzymatic deconjugation of the phthalate metabolites from their glucuronidated form, automated solid-phase extraction, separation with high performance liquid chromatography, and detection by isotope-dilution tandem mass spectrometry (Kato et al. 2004; Silva et al. 2004 ). The limits of detection (LODs) were in the low ng/ml range; 1 ml of sample was used for the analysis. Each analytical run also included analytical standards, quality control [QC] materials of high concentration, QC materials of low concentration, and reagent blanks. The QC samples were analyzed along with the study samples to monitor for accuracy and precision. QC results were evaluated according to modified Westgard statistical probability rules.
The statistical analysis consisted of summary statistics of each metabolite, such as means, medians, percentiles, ranges, and comparisons of the concentrations of the metabolites from each biological matrix (i.e ., maternal urine, maternal serum, and cord serum). In addition, the relation of urinary metabolite data to household products use was evaluated. In all statistical analyses, concentration values below the LOD were imputed a concentration equal to LOD/ √ 2 for the calculations (Hornung and Reed 1990) . A p < .05 was considered to indicate statistically significant findings, and all tests were two-tailed.
The daily exposure of the phthalate parent compounds was estimated, assuming steady-state intake of the phthalate diester and metabolic clearance of the metabolite, from the concentrations of the urinary concentrations of the phthalate metabolites using the method proposed by David (2000) as expressed by Koch et al. (2003a) : DI = [(ME × CE)/(F U E ×1,000)] ×MWd/MWm) where DI is the daily intake in micrograms per kilogram per day; ME is the creatinine corrected urinary metabolite concentration in micrograms per gram; CE is the creatinine clearance rate, normalized for body weight, in milligrams per kilogram per day; F U E is the molar conversion factor that relates urinary excretion of metabolite to diester ingested; and MWd and MWm are the molecular weights of diester and metabolite, respectively. For these calculations, we set CE at 20 mg/kg/day for adults (Jacobs et al. 2001; Tietz 1990) , and used the following F U E values: 0.69 for MEP/DEP and MBP/DBP; 0.059 for MEHP/DEHP, 0.23 for MEHHP/DEHP, 0.15 for MEOHP/DEHP, and 0.73 for MBzP/BBzP (Koch et al. 2004a; Anderson et al. 2001) .
RESULTS AND DISCUSSION
In Table 1 are presented the characteristics of the 150 women from the central New Jersey area, the number of women who reported using plastic household products in their homes during pregnancy, and the clinical birth outcomes (e .g., birth weight, Apgar score, and gestational age) of the 150 newborns. The median age of participants was 33 years. Only 4% of the women smoked sometimes during pregnancy, and none of them reported drinking during pregnancy. The average gestation of the women was 39 weeks (±0.79); the average birth weight was 3575 grams (±689 SD); and the average Apgar score at 5 minutes was 9 (±0.09). Nine phthalate metabolites were detected in the three biological matrices analyzed. Except for MMP, which was not detectable in most of the subjects (LOD 1 ng/ml), the other phthalate metabolites were found in maternal urine at significantly greater concentrations than in cord serum (CS) and maternal serum (MS) (p < .05, Table 2 , Figure 1) . The significantly greater concentration of phthalate metabolites in urine supports the use of urinary metabolites as exposure biomarkers rather than using those in other matrices (e .g., MS, CS), because the former often contribute to exposure increments that differ by several orders of magnitude. Further, the concentrations of hydrolytic monoesters in MS and CS, even though they can be determined accurately, may include an unknown contribution from hydrolysis of contaminant (exogenous) phthalates by endogenous serum esterases even when phosphoric acid is used to quench the enzymatic activity, and their use as biomarkers of exposure should generally be avoided (Calafat and Needham 2008) . In addition, for the high molecular weight phthalates, such as DEHP, the secondary oxidative metabolites (e .g., MEHHP, MEOHP), which cannot be formed as a result of contamination during sampling or analysis (Koch et al. 2003b ), offer more value as biomarkers of exposure than the hydrolytic metabolite MEHP due to their longer T 1/2 (10 h), and recent discovery that these oxidative metabolites might be the ultimate developmental DEHP toxicants (Koch et al. 2003b (Koch et al. , 2004b . Prior to the study, a questionnaire was distributed to collect information on commonly used household products to investigate if some products might contribute to phthalate exposure. Particularly, the usage information on plastic products that may contain phthalate plasticizers were gathered by questions such as "Did the mother microwave food in PVC plastic containers while pregnant (Never/Sometimes/ Often)"? "Did the mother use plastic tableware while pregnant (Never/Sometimes/ Often)"? "Did the mother save items in plastic containers while pregnant (Never/Sometimes/Often)"? Because all mothers received an IV injection in the hospital and DEHP is the most commonly used plasticizer in medical bags and tubes, it is most likely that the dose of DEHP the mothers received through the IV was much greater than the dose they could have received from use of plastic household products. For this reason, the association between use of products and DEHP exposure in this particular population was not examined. Instead, the association between use of the plastic household products and exposure to other phthalates using urinary biomarkers was tested. The data presented in Table 3 suggested that the urinary concentrations of some phthalate metabolites, such as MBP, MBzP, and mono-3-carboxypropyl phthalate (MCPP), were significantly different between plastic product users and non-users, suggesting that the use of household products that contain phthalates may contribute to the body burden. As phthalates are not chemically bound to the plastic polymer in these products, under high temperature or as the plastic wears out, phthalates may leach out of the polymer and migrate into the foodstuff, and so add to the total exposure for small molecular phthalates (e .g., DBP, BBzP). In this group of pregnant women, the urinary monoester concentrations (except for the DEHP metabolites) were less or similar to the concentrations of the U.S. general population based on the National Health and Nutrition Examination Survey (NHANES) 2001 -2002 data (CDC 2005 , but DEHP metabolite concentrations were much greater (Table 4 ). The major source of DEHP exposure for these women was likely related to their medical interventions in the hospital. DEHP/MEHP could leach out from the IV bags and tubes directly into the women's system circulation, and contribute significantly to their DEHP exposure and body burden. Previous studies showed much lower concentrations in urine of MEHP than of the oxidative metabolites MEHHP and MEOHP (Albro et al. 1973; Barr et al. 2003; Kato et al. 2004; Kohn et al. 2000; Silva et al. 2006a,b) . However, in this study, we observed similar urinary concentrations for all three DEHP metabolites measured (Tables 2,  4 ). This may confirm the recent exposure to DEHP from IV injection during the mothers' stay in the hospital, as the hydrolytic monoester MEHP was not completely metabolized yet at the time point of urine sample collection.
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The urinary concentrations of phthalate monoesters were converted to intake levels using the mathematical model described by David (2000) and were related to doses (below which we do not expect to see effects) developed from animal toxicology studies such as the USEPA oral reference doses (RfDs), European Union tolerable daily intakes (TDIs), Agency for Toxic Substances and Disease Registry (ATSDR) minimal risk levels for chronic effects (MRLs), and National Toxicology Program/Center for the Evaluation of Risks to Human Reproduction (NTP/ CERHR) no observable adverse effect levels (NOAELs) (CERHR 2000 (CERHR , 2005 . The USEPA derived a chronic RfD of 20 µg/kg/day for DEHP based on a low observable adverse effect level of 19 mg/kg/day for hepatic effects in guinea pigs (Carpenter et al. 1953) . However, this RfD is outdated, and a reevaluation of the DEHP toxicity assessment is underway at the USEPA. In addition, the hepatic effect is not a known critical endpoint of DEHP toxicity from long duration studies. Considering the male reproductive effects, a known critical endpoint of DEHP based on long duration studies, ATSDR has established a MRL of 60 µg/kg/day for chronicduration oral exposure to DEHP based on a NOAEL of 5.8 mg/kg/day for testicular (ATSDR 2002) . In our study, none of the pregnant woman had greater DEHP daily dose than the ATSDR exposure guidance limits (Figure 2 ), and only one woman had a DEHP intake estimate (43.18 or 48.22 µg/kg/day) that was above the TDI of 40 µg/kg/day (Table 5, Figure 2) . These data suggest that although these pregnant women had much greater urinary concentrations of MEHP, MEHHP, and MEOHP than the U.S. general and female population, and accordingly a fraction of these pregnant women had their daily intake estimates of DEHP greater than those reported in previous studies, their dose estimates were well below the regulatory exposure limits (e .g., MRLs). In addition, no abnormal birth outcomes (e .g., birth weight, Apgar score, and gestational age) or other clinical reproductive endpoints were noted in those newborns whose mothers had relatively greater exposure estimate to DEHP during the perinatal period than others in this study. Our data suggest that enough margin of safety may have been built in the various regulatory exposure limits for DEHP. Because we have asserted that this high exposure to DEHP could be explained by exposure through the medical devices in the hospital, which was a transient acute exposure, we speculate that we would not see adverse health effects in this pregnant population and their newborns during follow up.
Because of the modest sample size (n = 150) from the local central New Jersey region, it is not possible to generalize our findings to other populations. Future studies should involve a larger cohort that includes women from diverse geographic areas. More importantly, a major limitation of this study was the potential contamination of the biological samples collected in the hospital from these pregnant women with phthalate plasticizers, most notably DEHP, as a result of the medical interventions required for cesarean deliveries. This fact highlights the critical importance of selecting collection protocols and timing for sampling that would avoid such contamination in future studies.
CONCLUSION
In this New Jersey pregnant population, nine phthalate metabolites were detected in their maternal serum, cord serum, and maternal urine samples, indicating widespread exposure to five phthalate parent compounds. Significantly greater concentrations in maternal urine than in serum suggest that for the non-persistent phthalates, urinary concentrations of phthalate metabolites are better biomarkers for exposure assessment than their respective concentrations in serum. In our study, the urinary concentrations of phthalate metabolites were similar or less than the concentrations in the U.S. general and female population based on NHANES 2001-2002 data, except for the three metabolites of DEHP: MEHP, MEHHP, and MEOHP. The transient exposure to plastic medical devices in the hospital by these women before delivery could explain the high urinary concentrations of DEHP metabolites. Calculation of the daily intakes using the urinary concentrations of the oxidative metabolites (MEHHP and MEOHP) as the biomarkers indicated that the estimated daily dose of DEHP was well below regulatory guidance limits, such as the ATSDR MRLs. No abnormal birth outcomes or other clinical endpoints were noted in those newborns whose mothers had relatively greater exposure estimate to DEHP during the perinatal period than others in this study.
